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EXPERIMENTAL STUDIES ON FAST-NEUTRON
REACTOR PHYSICS

Al Leipunskii,[[ Bondarenkd 0.D.Kazachkovskii, I..P.Abagyan, Yu.S.Aborin, N.0.Bazazyants, G.A.lla-
tirbekov, V.V.Bondarenko, A.l.Varopaev, V..Golubev, E.F.Efimov, Yu.S.Zamyatkin, A.V.Zvonarev,
V.P.Zinovyev, AN.Zyzyn, V.V.lvanov, N.V.Krasnoyarov, N.N.Krot, M.Ya. Kulakovskii; V.G, Liforov,
V.F.Mamontov, B.K.Maslennikov, V. I.Matveev, V.N Morozov, M.N.Nikolaev, M.Yu.Orlov, V.A.Parfyonov,
V.V .Penenko, V.ERidkii, V.4.Semyonouv, G.N.Smirenkin, A.P.Smirnov-Averin, V.P.Sokolov, M.F. Troyanov,
0.0 Uznadze, F.l.Ukraintsev, L.N.Usachev, N.N,Shagalin,

The recults of research work on physics of fast reactors are reported. This work was car-
ried out in the Institute of Physics and Energetics of the State Committee on Uses of Atomic
Energy of the USSR since the Second UN Conference on peaceful uses of atomic energy held
in Geneva and was done as the continuation of investigations reported there [11.

MULTIGROUP CONSTANT SYSTEMS

Multigroup method is often used now for calculations in fast reactor physics. All the
neutrons are divided into a finite number of energy-groups in this method,

In the enrly developments of this method the constant sets with a small number of groups
were used to cover the ncutron energy runge of ‘interest for fast reactors. {1, [2]. Such systems
are very convenient in the case of reactors with high'y concentrated cores and heavy, strongly
absorbing reflectors, when neutron spectra have relatively well defined lower limit. However
they hardly are of great use for calculations of large power reactors, especially ones with
oxide or carbide fuel. The elastic moderation of nestrons plays considerable role in these
reactors and lower limit of the spectrum becomes indefinite. It is very desirable in these condi-
tions to have constant systems including all the neutron energics down to thermal ones,

The 18- and 21-group systems meet these requirements rather well [3). They have been widely
used in our lustitute during some time up to recently. Now we use 26-group system (4] which
is set as principal in this report.

THE EXAMINATION OF LARGE REACTOR SYSTEMS
AT THE *’BFS”-STAND
The investigations on physics of large fast power-reactors with highly diluted fuel were
carried out on the "’BFS"’-stand designed specially for this purpose (see Fig. 1).
The device will be described in detail in the '*Atomnaya Energiya®,
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The charncteristics of wystems cxoam i n e d. More than 15 reac-
tor systems were examined ot PRIYS? since its scetting into operation (June 1961), I'our typi-
cal examples are considered in this report. The parameters of these systems are presented
in Table 1. In the first three systems the fuel was diluted in active zone practically by a
single element. - nickel, iron or uranium, The experiments of this kind allow to find out the
errors of constants of basic dilutors now in use for fast reactors construction and lo estimate
the accuracy of accountingof various physical effects (for example, resonance cross-section
structure ete.), In the fourth case the system was a physical model of industrin] power-reactor
with ceramic fuel,

The integral parameters The most important reactor charcteristics are
integral parameters: critical mass, breeding ratio and others. ixperimental and calculated
values of these parameters are shown in Table 2. Experimental and calculated values of critical
mass may be compared in 2 different ways: calculated critical mass be determined either by the
variation of the composition with fixed size or vice versu. Calculations were made in 18-group
1’| -approximation on the basis of 26-group cross-sections [4] by the method of approximate se-
paration of variables. 'The corrections due to the difference between real geometry of system
and that of ideal cylinder were calculated by application of perturbation theory and introduced
into results. These corrections are small (no more thun 0.2% in critical mass). The second
method of critical mass determination (by variation of the core’s diameter) results in somewhat
greater values, The difference between these two methods is demonstrated by the data in
‘Table 1. Hetcrogeneous resonance effects ordy were tuken into account in the cvaluation
of critical masses [6]. Nonresonant homogenity was not considered; this effect can contribute
as much as 5% to critical mass of some syste ms. That is confirmed by experiment (**BS-8"
critical mass has beendecreased by 4.5% with U235.heterogenity increasing at constant
radius). Two-dimensional calculations were made in addition to approximate variables separa-
tion calculations. Critical mass of *’BS-12"-system determined by 18-group two-dimensional
computation practically coincides (within 1%) with the result of one-dimensional computation
thus confirming a good efficiency of the conditional virinble separation method. It must be
noted that reasonable agreement between experimental and comnuted values was obtained
taking into account tie resonance effects for each system individual. The most striking example
of this type is '"BS-8"-system. The critical mass calculated without selfshielding considera-
tion was 15% less than experimenta) value (with constant size of the .ore), Experimental
ratios of the total number of events shown in Table 2 result from numerical two-dimensional
integration of experimental data. Calculated ratios are, as a rule, in reasonable agreement
with empirical values. The most essential deviations occur for the ratio of numbers of fission-
events in U238 and y235 (:«Fg:3 / fgﬁ) in the core of "BFS-12"*. The main part of this difference
is due to the heterogenity of experimental system which was not taken into account in calcula-
tions,

Neutron capture in U235 could not be measured at "BFS’t-stand and it was consequently

impossible to derive the brecding ratios for systems examined from the experimental data only.
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The ratios a = aC(Uz:‘s)/uj(ll%s) obtained by multigroup ealeulations with constants (4]
were used for the determination of breeding ratios on the busis of experinental values, Brewd-
ing mtios thus determined are in reasonable agreement with purely calculational values,

The number of cvents distribution Itwas demonstrated above that
the usage of approximate variables separation method with the proper constant systen provides
good accuracy in the calculntions of integral churacteristics for large reactor systems, The
satisfactory results were obtained by application of this method to the evaluation of space-
distribution of number of events in reactor. IFor example, such distributions for **BIFS-12"
system are shown in Fig.2. The results of 18-group two-dimensional calculations are given
there also. The difference between one- and two-dimensional caleulations becomes conside-
rable in the last layers of the blunket only. The satisfactory ugrecment exists between expe-
rimental and theoretical results,

The characteristics of core-materials, The radial trend of
cross-sections ratios of various reactions for ""BI*S-12" system is shown in I'ig. 3. lven the
ratio of U238 (n,f) and U235 (n,) cross-scctions which depend on energy in very different ways
is constant in the core. It indicates that ncutron spectrum is constant in the central part of the
core and consequently space-distribution of neutrons can bedescribed by one-group model. In
one-group theory neutron space-distribution in the core is known to coincide with the distribu-
tion in the critical bare reactor and is completely determined by the single value ~ the material
parameter 2.

The notes separation of spatial and energetic variables in the central parts of the core
occurs for all the systems examined.

In these regions energy spectrum and Spatiu.l distribution ol neutrons are completely
determined by the *’nuclear” physical characteristics of the medium and it is very valuable
because a possibility arises for the verification of constant sets for.multiplying media. This
possibility is affected neither by the accuracy of reflector’s constants nor by the correctness
of mathematical and geometrical approximations made (in so far as characteristics of the bare
reactor may be calculated exactly).

Though no detailed measurcments of ncutron speitra in the cores of the described system:
were made, observed ratios of average cross-sections of reactions with different energy
dependence may be taken as integral characteristics of these spectra. These parameters arc
compared in Table 1 with the values resulting from averaging of cross-sections for the spectra
in bare critical cores. The experimental and theoretical valucs of the material parameter 2= ur
compared in the same Table. For the calculation of these values experimental distributions
were approximated by eigenfunctions of the cylindrical model by using least-squares method.

Experimental and theoretical values are found to be in reasonable agreement. The discre-
; ocgurs in the single case ~ for themtin
of fission cross-sections of U238 and U235, 'I‘ITGN%ELD ﬁlfé-‘{i”-ussembly mentioned above is
responsible for this disagreement.

pancy essentially larger than experimental unc rtain‘t}r

Distortions. The reactivity perturbations produced by various substances inirodu--+!
into reactor's core were also measured on '*BFS?’-assemblies, Some of these results are presentid
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in Table 5. The size of sumples were choosen small enough to avoid the distortion of neutron
distribution and to make the first-order calculations of perturbation theory sulficiently ac-
curate, The results shown demonstrate the reasonuble ugreements between theory and experi-
ment, Spatial distribution of distortions were examined in nddition to the distortion in the
centre of the core. Experimental and theoretical distributions of reactivity introduced by
various substances are shown for **BFS-12"-assembly in Fig. 4.

THE EXPERIMENTS ON NEUTRON DIFFUSION IN MEDIA

To find out the sources of possible crrors in reactor calculations macroscopic experiments
are of great help especinlly ones carried out with these sources definitely removed at
certain (nt least partially - the experiments with simple geometry, in uniform media etc,),

Now we consider the results of experiments of this kind concerning neutron diffusion in
moderating simply composed media with low multiplication, The major part of [T] these

measurements was carried out at the "BR-1""-reactor und consisted in the examination of
neutron spuce-energy distributions in the thick reactor blankets composed of various materials,
The concentrated plutonium core of "BR-1""-reactor worked as the neutron-source with the
spectrum very close to fission spectrum. Experimental technique is described elsewhere m, [,
[8]. The results obtained.at "BR-1"" are complemented by detniled time-of-flight measurements
on the reactor ""IBR” [9]. The experimental arrangement is outlined in I'ig.5. The neutrons
escaped the prism under examination were detected by scintillator [10] disposed at the distance
(Tkm) from reactor’s core, The resolution was~0.04 usec/m in this case,

The media containing uranium. U238plays an important part in the
fast breeders and the considerable part of experimental program carried out at ""BR-1?" was
devoted to the examination of uranium-containing media.

In addition to metal uranium (the results on this subject were reported on the 2-nd Geneva
Conference) [1] uranium’s oxide and heterogencous graphite-uranium assembly modelling
uranium’s carbide were examined.

It is interesting to compare some general nuclear-physical characteristics of these materials,
for example, characteristics averaged over equilibrium and « « *patic neutron spectra in the
various media [17. The asymptotic and equilibriim neutron spectra in uranium carbide were
examined-in the blanket of "’"BR-1"" composed of the cylindrical slugs (diameter 47 mm) of
uranium metal (b = 2 cm) and of graphite (h = 1 cm) packed into close hexagonel lattice [I1].
Uranium and graphite densitics in this system were 2.74- 1022 and 2.42-1022 nuclei/cm3
respectively,

Heterogeneous effects in the examined assembly were not large ( . 15%) and were taken
into account both in theory and experiment. Blanket’s dimension in the direction examined
was large (up to 80 cm). At the distances more than ~50 cm from the core the asymptotic
equilibrium of neutron spectrum existed, appearing in the constancy of ratios of reactions
cross-sections with essentially different energy dependence (sce Fig.6). The integration of
experimental distribution over the blanket total volume made the evaluation of equilibrium

3spectmm characteristics to be possible (after introducing small corrections 5% due to the

68
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leaknge). In the case of uranium’s oxide only the characteristics of asymptotic spestram
were measured in the exponentinl experiment with the prizm 139.4x104x112.2 em, Its composi-
tion is shown in Table VI,

The copper blanket of **BIR-1" served ns_ncutron source, The characteristics of nsympto-
tic and equilibrium -spectra obtained in these experiments are presented in the Tables Vil and
VIII. The utilization coefficient D, presented in Table VIl describes the multiplication of
fission neutrons in the medium because of fission of U238 (1),

This parameter decreases in the carbide and oxide of uranium (1) = 0.1180,009) due to
the removal of neutron under the fission barrier of U238 after moderation on the nuclei of
carbon, oxigen and other  impurities, Another important parameter is the asymptotic dif-
fuzion-length, For convenience the inverse value divided by the density of uranium (nuclei
per cm?) is shown in Table VII. The increase of this parameter in carbide and oxide relative
to the metallic uranium means that by using these compounds the total quantity of uranium in
the blanket providing the given level of neutron leakag: may be reduced. This fact results
in the partial compensation of the additional removal caused by the presence of the carbon
and the oxygen. Then the relative contribution of U238 fission in the total neutron balance
remains constant in the asymptotic regions of all examined medin containing uranium
(which is confirmed by the constancy of the ratios oy (11238)/01- (U235) . Experimental and
calculated characteristics of asymptotic and equilibrium neutron spectra in the uranium-contain-
ing media including the ratios of average cross-sections of reactions with different energy
dependence are in reasonable agreement, In the case of carbide and oxide this agreement was
achieved only due to accounting of resonance selfshielding of cross-sections in the constant
sysiem used, This cffect is the largest for uranium oxide, where capture cross-section incre-
ases by 10£3% due to the Doppler-broadening of resonances when the sample irradiated is
heated from 300°K to 900°K. The calculated figure is 9%.

The spatial neutron distributions in the uranium-containing media are described satisfactorily
too (see Figs 6 and 7).

Thorium. The possibilities of the utilization of thorium for power-production are usual-
ly considered in connection with the feasibility of b eding cycle for the thermal reactors,
However bearing in mind the possibility of the utilization of the total resources of the nuclear
raw materials and the production of U233 it is desirable to consider the utilization of thorium
in the fast breeders in particular as o material for the construction of the outer breeding zone.
In this connection it is interesting to measure the nuclear characteristics of thorium and to
compare them with those of uranium. To attain this object the thorium control rods were mounted
at ""BR-1" (see Fig. 8) and a thick thorium blanket was assembled (110 cm high, 120 cm thick)
of cylindrical thorium blocks 35 mm-diameter. To decrease the neutron leakage through the
chinks between blocks the successive layers were shifted one relative to another by the half
of the lattice pitch. The average density of thorium was 2.61- 1022 nuclei/em3.

The measurements of total number of events in reactor allow to determine the breeding

ratio of such a system. This value (2.05¢0.09) was in agreement with the calculated figure 1.97
_oc (PUT%Q)

(the theorrtical value of a _m was used in both cases which was equal to 0.06).
368 ]
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The reduction of breeding ratio in thorium renctor relative to the identical system with ura-
nium blanket (2.5:0.1) [1]is due to the decreasing of contribution of fission in the raw
materinl from 0.5 to 0.070+0.003. The contribution of'l’h%g(n, 2n) reaction to the breeding
ratio is estimated as 0.011£0.001.

The parameters of equilibrium neutron spectrum in thorium are given in Table VIII. The
experimental and theoretical values of the utilization coefficients are presented in the same
Table., It is difficult to expluin the observed difference between these two values by the
experimental uncertainty only. In so far as thorium'’s fission cross-section (68mb) used in
calculations is in good agreement with the results of direct measurements (60mb) the error in
the values of utilization coefficients included in the constant system used is the probable
source of the discrepancy. One needs to take D = 2.3:0.2 barn to avoid this disagreement.

There is no asymptotic equilibrium spectmim in thorium but shape of the spectrum of
neutrons absorbed in thorium varies slowly (see Fig. 9) and consequently the spatial distribu-
tion of captures at the distances from the core exceeding 20~40 cm may be described
satisfactorily by one-group approximation.  The inverse diffusion length for this group divided
by thorium density (nuclei/cm3) equals  2.6£0.1 barn exceeding the corresponding value 2/Ng
for asymptotic spectrum in uranium (see Table VII). The space-energy neutron distributions
near the source are complicated and must be treated by multigroup methods, The comparison of
multigroup results with experimental data shows that the constant system (4] provides the
satisfactory accuracy of calculations (see Fig. 9).

The moderating media-nickel iron, copper. Theexamination
of neutron diffusion in moderators is of interest for the shielding problems and for the reactor
physics in general. Actually the concentration of moderative dilutors in the cores of large
power fast breeders is found to be high; reactor’s blunkets contain the considerable quanti-
ties of coolers and construction materials and in special case (as for example in BR-5 reac-
tor) blanket consists entirely of nonmultiplying elements [13).

The problem of taking into account the cross-section resonance structure is one of the
main problems when the neutron diffusion in moderatinz materials is considered. Light and
middle nuclei (A = 50) show cross-section structure up to c:cries of some Mev [14]. It should
be noted that in contrast to the heavy nuclides in the case of light and middle nuclei not only
neutron absorption, but also moderation and transport depend on the cross-section resonance
structure,

When the cross-section resonance structure in Kev region is to be considered the situation -
is complicated by the presence of resonance-potential interference. At higher energies the
resonance-resonance interference also is to be taken into account [6]. These complicative
circumstances reduce considerably the reliability of the group constants in macroscopic
experiments, llere are considered the results of some experiments of this kind.

Fig.10 shows the distribution of different reactions in the nickel blanket of BR-1 reactor
as well as the calculation of these density distributions carried out with and without the
consideration of the cross-section selfshielding. The discrepancy between experiment and
calculation shows that the used constants overestimate selshielding effects, The same

-
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conclusion follows from the comparison of the calculated spectra of neutrons emerging from
nickel prism with time-of-flight results (I'ig. 11). One can sce that the most striking
discrepancy between the experiment and calculation takes place in the vicinity of the crosy-
section interference minima at 10 Kev and 150 Kev. It is not surprising since the cross-
section structure for nickel is poorly known und available constants include rather large
uncertainties. 'I'o improve the agreement between calculation and experiment it is necessary
to vary cross-section sclfshielding coefficients for neutron groups corresponding to these
interference minima by 20-30% [21] (Iigs 10-12).

The total cross-section of iron which consists mainly of the only el isotope demonstrates
the interference of resonance scattering and potential scatlering especially distinctly, Most
prominent dip locates at 29 Kev where neutron free path has a value 70cm. Under higher
energies the iron cross-section also shows interference minima, That is why the reliability
of the description of the neutron spacec-energy distribution in e depends strongly on the
accuracy of taking into account the neutron leakage This leokage is always considerable
for the large iron blocks. So the accuracy of mathematical approximations used in calcula-
tions as well as group constants accuracy are of major importance. It seemed to be interest-
ing to investigate the neutron diffusion in iron.

The ""BR-1"* reactor witl: ron blanket was used for such an investigation, The reactor
construction was the same as described in [1] with the only exception that blanket thickness
in the direction used for measurements was chosen to be 9] cm. The cross dimensions were
70cm x Tdcm.

The results of measurement of different reactions in this blanket are presented in Fig, 13.
The discrepancy of one-dimensional calculation in P3-approximation with the experimental
results in the core is because of the difference in calculated (8,38cm) and measured (6,96cm)
values of critical radius. This discrepancy may be explained by two reasons. First, in P3-ap-
proximation the neutron leakage from the core is considerably overestimated (the core radius
was only 1.5 neutron free path). Second, the cross-section selfshielding effects described
in [4] were considered only in average. In the blanket layers close to the core the neutron
spectrum structure varies strongly with the distance. Sulfshielding coefficients vary cor-
respondingly. But this variation cannot be accounted in terms of usual multigroup calcula-
tion. So the cross-sections for the nearest iron layers are consequently underestimated
because of the resonance selfshielding effects. As a result the blanket albedo characteristics
are diminished and the critical mass becomes overestimated,

It is easy to see thal the second reason dominates.

Really, the calculated critical radius for the reactor with the German silver control rods
and nickel blanket exceeds experimental value only by 6%.Two-dimensional calculation is
carried out for the real-sized core; the criticality of the system had been reached by the varia-

tion of v-value for Pu239 in the core. In this way one was capable to compensate conside-

rably the clfect of aforementioned reasons on the neutron space-energy distributions.
This example demonstrates that usual multigroup calculation of the system possessing
sufficient leakage and strong resonance selfshielding of the cross-sections may result in

368 1.
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appreciable uncertainties. To avoid these uncertaintion one haw ty considor selfshielding
effects more correctly than it is usually characteristic for multigroup calculations. The
subgroup method [6], for example, may werve for this purpose.

The averaging of iron constants over the infinite wedium spectra in regions far from the
core (recommended by [4]) is reliable and hence in these cases the discrepuncies in space-
energy distributions result from the certainties in iron cross-section data used and uncertainty
introduced by the idealization of thesystem geometry, As it could be shown from Fig, 13
experimental values are in the best agreement with spherical geometry calculation. "This agree-
ment however is illusive because the leakage through the side surface of the prism could not
be taken into account in this cose, When this leakage is taken into sccount by two-dimensional
calculation in Py-approximation with the same constanty the ugreement fails, The low energy
neutron flux is especially sensitive to the neutron leakage. For example, neutron flux decreases
by a factor of two after avernging over gold capture cross-section, Taking into account the
great lenkage in P'{-approximation is known to be unreliuble and results in the overestimate
of the leakage which corresponds approximately to the factor of 1.5 in our case.

More correct leakage consideration would improve the ugreement between experiment and
theory. Nevertheless it is-clear that even in this case the discrepancy could not be avoided,
The nature of these discrepancies gives the evidence that resonance selfshielding effects were
overestimated when iron cross-section (especially transport cross-section) hud been calculated.
It obviously refers mainly to the neutron group correspording to interference minimum at 27 Kev,
At this energy the total cross-section value includes maximum uncertainty, This conclusion
has been qualitatively confirmed when experimental energy spectrum of neutrons leaving the
iron prism has been compared with the calculated spectrum (Fig. 14). The calculation for
these systems was carried out in plane geometry by using the S;-approximation, The lcakage
through the side surface was taken into account by adding some fictios absorption cross-sec-
tion. However, it should be pointed out that the most rigid requirements to the reliability of
constants to be used arise when the medium consisting of the only clement with resonance
cross-section structure is considered. In the most im; - it practical case for the mixture of
same elements these requirements are considerably reduced. @ rexample, in the case of
stamleqs steel 1x 18H9T the description of the neutron spectrum: by our constant set was
satisfactory (Fig. 15).

The results of the examination of the neutron space-energy distribution in the copper
blanket of BE-] reactor had already been reported at the Second Geneva Conference in 1958,
'so only the comparison of some of these results with multigroup calculation data is given in
this report (Fig.16). It should be noted that in the case of copper the description of experimental
distributions also requires the correct consideration of the resonance selfalielding effects.

NEUTRON SPACE-ENERGY DISTRIBUTIONS AT ‘THE
TWO MEDIUM BOUNDARY

As follows from the above discussion the application of group constants taking into account

resonance selfshielding effects and supposing the collision density to be constant provides

368
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rensonable nccuracy of neutron space-energy distribution calculation in the continuous
medin but could fail when o region near boundary is considored, Since the determination of
neution flux distributions is somctimes of considerable interest, a series of experiments
on studying the boundary resonance effects is now under development at the "BR-1"* reac-
tor. ‘The first of them were devoted to the investigation of the increment of neutron-flux
density ut fast reactor blankets when the latter is surrounded by the additional reflectors
from different materials (15].

Up to now the meusurement of neutron space-encrgy distributions has been carried out
at the boundaries of uranium blanket (161, uranium-carbon blanket {17} and thorium blanket
which had been surrounded by an additional iron, stainless steel, nickel, copper, berillium,
carbon and water reflectors. Figs 19-21 demonstrate the change of resonance cross-section
selfshielding near the houndary, The easured capture density in this regions prominently
exceeds the calculated one. At the same time the measured flux of resonance neutron
(g = 4 9ev) which peactrates into the blanket from the additional reflector drops more stee-
ply than the calculations predict, These results are of practic importance. In fast breeders
it is useful for the suppression of neutron leakage from the brecding zone to surround the
latter by additional reflector. So the question arises: what material would be the best for
this purpose? The measure 13 of the efficiency of additional reflector is the increase of
neutron capture events within the blanket due to the additional reflector divided by the dif-
ference between the number of neutron capture events within the blanket in two cases: the
infinitely  thick blanket and the chosen blanket,

The parameter for the investigated blanket and reflector materials is presented in Table iX,
The quantities A of the fucl economy which could be reached because of additional reflector
application (with breeding ratio being constant) are also given. Large uncertainties of the
quantities presented in Table 1X are due to the fact that the measured effect is the small dif-
ference between two large quantities,

It is easy to see the greatest value of considered characteristics must be incorporated to
berillium. However the spectrum of neutrons returning from the additional reflector depends
essentially on the reflector material and if so above mentioned values must not be decisive
for the choice of additional reflector, It is very important to know the rate of burning and the
shape of neutron spectrum in the produced fuel.

MEASUREMENTS OF NEUTRON RADIATIVE CAPTURE
BY LURANIUM AND THORIUM ISOTOPES FOR THE
REACTOR SPECTRA

For the determination of some reactor characteristics (such as breeding ratio, critical mass
etc.) it is necessary to know the distribution of neutron radiative captures in fissible materials
throughout the reactor. The calculation of this quantity is unreliable at present because of
uncertainty in values of radiative capture cross-sections {or fissible isotopes. Its direct
measurement at little power critical assembly also seems 1o be impossible. So with the mono-
energetic neutrons used the only way of measurement of this cross-section is the detection of
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capture y-rays. This technique is very complicated by a strong background and by the weakness
of the effect which is to be meosured. The results of such experiments still have large
uncertainties, Also a number of complications [61preventsan application of the capture cross-
section data, received in the resonance region by time-of-flight technique.

In this situation the measurements of capture cross-sections of fissible isotopes for wide
neutron spectra are of considerable interest. Such a possibility arises when a powerful reac-
tor is used. Here it becomes possible to store a sufficient number of nuclei produced by
neutron capture in the sample. The concentration of these nuclei thea can be determined by
the mass spectrometric methods, The results of such measurements carried out at BR-5 [13]
reactor are given below. The peculiarity of spectrum of this reactor is its strong variation
from the concentrated plutonium core to the nickel blanket'[18). This circumstance allowed
to fulfil the measurements of capture cross-section and relation a = oc/of for wide range of
neutron spectra including nearly all energies of practical importance. The following expe-
rimental procedure was applied, Samples of uranium protoxide-oxide and plutonium oxide 6-8mg
weight were packed in brass covers (envelopes) and then placed inside the airtight (hermetical)
envelope of stainless steel. This experimental arrangement was put in the reactor core instead
of one of nuclear fuel slug at the distance 4, 7 cm from vertical axis of the reactor.

Samples placed at the central plane of the reactor were radiated by a total number of
1.14- 1022 neutrons per square centimetre during nearly five months of reactor operation [18] .
After some delay necessary for reducing y-back-ground the samples were radiochemically
treated to extract the probes for mass-spectroscopic and radiometric analysing.

The mass-spectrometer results serve to determine quantities of nuclei produced by the
neutron radiative capture by U233, U235 and Pu239 nuclei. The concentration of Pu240 jp
isotopically pure Pu23 (the concentration of Pu240 before irradiation §- 10-3%) was also
determined by measuring the spontaneous fissions of irradiated samples [19]. There is a
reasonable agreement (2 — 5%) between the results of these two independent measurements,

The distribution of fission events was measured by jonization chamber and by the radio-
chemical methods detecting the radioactivity of ext-~rted fission fragments,

With the total neutron flux and concentrations of accums’ated U234, Y236 and Py240
known it is pé\ssi'bie to determine the capture cross-sections U233, U235 and Py239 respectively
and their ratios to the fission cross-sections.

Tables X — XII present the measured and the calculated values of oc, cf and a = oc/of
for the uranium and plutonium isotopes investigated and some specific neutron spectra of
BR-5 reactor. The forms of these spectra are shown in Fig. [20]. The neutroa spectrum
calculation was carried out for idealized homogeneous spherical reactor with using multigroup
constants recommended in [4].

The impossibility of exact taking into account the complicated geometry of real reactor
did not allow to obtain a good agreement between experiment and calculation for the space
distributions. Nevertheless calculated cross-section ratios appeared to be in reasonable
agreement with the experimental results. This fact (as well as the verification of accuracy
of spectrum calculations in the macroscopic experiments discussed above) pemits to suppose
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that the calculated spectra . were close to real ones. So o mther good ngreemont of experimental
and calculated data on capture cross-sections could be interpreted as o confimation of correct
values of radiative capture and fission cross-section used in calculation,

The greatest discrepancy much exceeding experimental uncertainty tokes place for capture
cross-section of l’u240.()bvioualy,gmup crogs-sections for this isotope chosen correspond-
ing to the recommendations of [20] and semitheoretical conniderations of (4] are overestimated
appreciably,
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Parameters of experimental assemblies .
Fabhle 1

Parametern BI'S-1A BI'S-6A | BI°S-8 BIS-12

Height of the core, Jem] 206 IS 63,84 120.85
Iiq. diameter of the core, [em) 20,3 5.9 72,83 100.6
Volume, [liter] 15.3 140.7 206.0 960.7
Critical mass, [kyg U235) 76.5 219.5 | 3433 709.4
Side blunket thicknoss, [em) 18.0 20,0 35.5 30.9
Upper blanket thickness, [¢m) 90,0 58.5 60.0 40.0

28.5

U235 (18.8g  cnn™) 26.6 9.15
10238 (18.6g /e 3.12 62.86
[ron (7.044/(:11\3) 0 1}
Stain, (7.9g ‘cu) 11.06 12.08
steel
Nickel (8,9 /em™) 39.16 0
Aluminium (2.7g ‘em) 4.74 1.58
Graphite (1.6g/cni?) 0 0
Air 15.32 14.33

U238 (18.8g /cm?) 75.51 75.51
Stain. steel (7.9g /cn®) 13.37 13.72
Air 11.12 .77

Composition (volume %)

1238 (18.8g /cnd) 75.51 75.51 K 5.51
Sin. steel (7.9g /cm3) 11.06 12,43 A 6.84
Air 13.43 12,06 | 19, 17.65

Equivalent diameter — the diameter of the circle whose arca equals to the area of assembly’s
cross-section,
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Table T
BFS-1A BFS-6A BFS-8 BFS-12
Exper. Calcal, Exper Calcal. Exper. Calcnl. Exper Calcal.
Critical mass 76.5 782 239.5 248 343.8 323 709.4 682
kg y235
a3 a3
f 8 /£ 5 0.009+0,001 0.010 0.2620.02 027 0.003410.0001 0.0042 0.1000.005 0.123
fa: /f"3 0.170.02 0.17 0.09210.007 0.085 0.09310.007 0.099 0.083+0.004 0.065
5
ad
a
8 /faﬂ 0.009+0.0006 0.0119 0.75£0.04 0.79 0.0133£0.0007 0.0140 0.5720.03 0.57
5
3
aq /;“53 1.38:0.14 1.44 1.15+0.08 0.9 1.28:0.09 119 0.85+0.05 0.88
Breeding 1.21£0.15 1.27 1.57£0.11 1.40 1.07:0.08 1.00 1.1320.07 115
ratio a=015 a=1021 a=021 a=0254

f ~ fission integral; a — capture integral; c — core; b — blanket; 8 — U238, 5 _ (235

Table I
BFS-1A BFS-6A BFS-8 BFS-12
AK  AM,
—_ — {Calcul) 0.52 0.44 0.52 0.45
K M
AK  AMg
_— ) — (Exper) 0.21 0.15 0.23 0.14
K M
AK  AMR
—K—' \—l (Calcul) 0.23 0.14 0.22 0.15

AM, — the variation of critical mass with the uniform variation of partial volume ~of fis-
sionable isotope.

L - . . ' . AM 2AR
AMR — the variation of critical mass with the variation of core’s radius R
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Table IV
BFS-1A BFS-6A BFS-8 BFS-12

Exper. Caleul. Exper. Exper. Caleal. Exper. Caleal.

zy 0.013£0.001 0.01459 | 0.0050+0.0003 0.0024:0.0002 | 0.002844 | 0.0017:0.0002 | 0.001891
-8 (/5 5(ulf) 0.081+0.005 0.093 0.042£0.002 0.036+0.001 0.039 0.02540.0003 | 0.0293
58011/ (gD 0.0840.007 0.100 0.106:0.006 0.114+0.006 0.12 0.129£0.006 0.129
5% @m0 /o5 mh - - 1.16:0.02 1.27:0.02 115 1.03:0.02 1.0148
7% @ 1)/75(mD - - 1.59:0.02 1.56£0.02 1.53 1.51:0.02 1.454
2o /35D - - 0.0100:0.0015 - - - -
57w H/5% @D - - - - - 0.15510.012 0211

Reactivity caefficients for the center of reactor (10'3/kg)

BrS-1A BFS-6A BFS-8
Exper. Caleul. Exper. Calecul, Exper. Exper.

U238 +14.4320.8 +12.3 +6.0040.05 +5.21 +3.46£0.08 +2.0520.08

u23s +1.24+0.1 +1.19 —0.267£0.009 -0.261 —0.01520.011 —~0.14+0.01

Pu239 +29.3+0.7 +22.6 +11.0+0.15 +8.66 +5.96£0.13 +8.3110.13
Iron +0.4910.05 +0.59 —~0.18:0.02 —-0.265 —0.10£0.03 —-0.035:0.023
StainLsteel 0.21+0.05 +0.50 ~0.20£0.02 -0.29 +0.028:0.026 —0.04£0.02
Aluminium - - -0.37£0.06 ~0.262 +0.40£0.08 0.008:0.07
Cmphite +10.520.30 +8.1 +0.27+0.10 +0.134 +2.6+0.15 +0.0302+0.11
Nickel —-0.8+0.1 ~0.4 -0.39+0.02 —0.402 - —~0.049:0.02
B4C (Natural ) - - —9.5610.34 =7.00 -~5.1620.23 X —-5.8¢0.24

Material

Composition of uranium oxide prism

Element Uranium Oxygen Iron

Number of nuclei per 0.902 2.63
emd x 1022
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of as ic spectra in uranium and uranium-containing media
o Table VII

Medium . Metallic uranium UCp ga4 U0g goFeq 43Hp 015
Parameter Exgper. Calcul. Exper. Calcul. Exper. Calcul.

o U238) / op (U235) 1.5320.06 1.44 1.38:0.06 129 1.44:0.06 125
op (Pu239) / o7 (U235) 0.93+0.04 0.96 0.79+0.03 0.84 0.93:0.04
o (U238) / o (U235) 0.0027+0.0003 0.0026 0.0026+0.0002 0.0026 | 0.0024:0.0003
o, (U238) /0y (U235) 0.126£0.008 0.129 0.118+0.009 0.09 0.12:0.01
o, (A1) / 0 (U235) 0.26£0.03 031 0.70+0.05 0.74 0.58:0.10
o, Na?3) /0y (U235) - - 0.0017:0.0001 0.0018 -
op(532) / o (WZ35) - - 0.00049+0.00003 0.00048 -

2/Ng (barns) 2.30:0.03 2.30 3.30:0.06 3.40 5.50£0.05

The measurements were made by thick gold indicators and resonance selfshielding of gold cross-sections was to be taken into
account,

Parameters o1 equilibrium spectra in uranium-containing media and thorium
Table VIO

Medinm Metallic uraniom UCq gay Metallic thorinm
Parameter

Exper. Calcul. Exper. Calcul. Exper. Calcnl.

o (U233) /o (U235) 1.56+0.05 1.46 1.57+0.06 1.50
o7 (Pu23%) / g (U235) 1.07:0.04 1.08 0.90+0.04 0.89 1.0420.05 11
05 (U238) / 6 (U235) 0.0169£0.0007 0.0170 0.013020.0008 0.0133 0.0172£0.0009 0.0188
o (Th232) / 0 (U235) - - 0.0026+0.0002 0.00236 | 0.0032:0.0002 0.0034
o, (U238) / 0 (U235) 0.121+0.005 0.122 0.12420.006 0.118
o (Th232 / 54 (U235) - - - - 0.135:0.007 0155
o (A1) /0p (U35) 0.25:0.01 0.23 0.57£0.05 0.48
0 (Na23) / 6 (U235) - - 0.0017£0.0001 0.0015

D 0.173£0.005 0.1520.01 0.15 0.029:0.001
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The Additional Reflector Efficiency

Table IX
Blanket Ura nigm Uranlum-carbon composition I'horium metallic
muterial tallic
Reflector me”u “ A B A n A
materinl
Wator 0.49£0.10 14 0.26%0.06 5.8 0.4610.10 10,7
Berillium 0.86£0.10 34.6 0.5410.08 21.9 0.75£0.10 22,1
Carbon - - 0.50£0.08 17.9 0.5510.09 13.5
Iron 0.28:0.09 6.4 0.42:0.07 12.8 0.24£0.07 5.l
Nickel 0.5110.10 149 0.47:0.07 15.6 0.36+0,08 7.9
Copper 0.4120.09 10.8 0.2440.06 5.9 0.26£0.07 5.5
Stainless 0.40£0.00 10.6 0.33+0.06 9.2 0.30£0.8 6.5
steel
1x 18191
Comparison of experimental and calculated values
of capture and fission crosg-sectigns and a = g, /of
for central samples of l123§, Ub3g and Pu23f
TableX
3arns Burns Barns
Isotope
Fixperim. Calcul. Kxperim, Calcul. ixperim, Caleul,
233 0.155£0.015 1.165 2.26£0.10 2.22 0.0740.01 0.074
y235 0.280£0.020 0.257 1.48+0.06 1.48 0.19:0.02 0.174
Pu239 0.200£0.015 1.168 1.81+0.05 1.81 0.1120.01 0.093

Experimental value of of received by com parison of the number of fission events in U233,

U235 and Pu239 samples, For the latter the fission cross-section was chosen to be equal to
calculated: 1.81 barns,

Comparison of Experimental and Calculated Values
of Capture Cross-scctions for Central Samples of

U238 and pu240

Table XI
o, (barns)
Isotope
Experiment Calculation
Uranium-238 0.17+0.02 0.164
Plutonium-240 0.24+0.02 0.310
Comparison of Experimental and Calculated Values
of a=oc/of for the Samples of U235 and Pu239
Placed at the Distances 16.5 cm and 45.8 cm from
the Core Centre
Table XII
=16.5 - 5
Isotope : .r cm rw45.6 em
Experim, Calc, Experim, Calc.
Uraninm-235 0.33+0.03 0.37 0.5510.05 0.61
Plutonium-239 0.38:0.04 0.40 0.75:0.08 0.67
368 -16-
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FIGURE CAPTIONS

Fig.1. Vertical Section of the BI'S Stand.
1. Control rod actuator,

2. Experimental channel of the thermal column,

s

. Transportable face shiclding.
4. The arrangement for displacement of detectors,
5. Measurement channel in the face shielding.
6. Lower box. 8. Thermal column,
7. Fuel rod. 9. Control rod,
I'ig.2. Radial distribution of different reaction at BIFS-12 stand.
la. U235 (n, ) in face shielding at 82.2cm height from central plane.
1b, U235 (n, f) at central plane of the reactor.
2. U238 (n, 1) 3. U238 (n, )
Solid curve is calculated by the method of approximate separation of the variables.
Dushed curve presents the results of two-dimensional calculation,

I'ig.3. Relative cross-sections of different reactions in BIS-12 stand.

of (Pu239) of (Np237) ap (U238)
1_9—-——33—5-‘ 2..—-—-—-——;;— 3. o - ————
of (U235) or (U235) of (U235)

Iig.4. Radial distribution ofthe perturbations in BFFS-12 stand.

1. Pu239, 2. U235 (90% enrichment), 3. B4C (natural). Solid curve is calculated by ap-
proximate separation of variables, circles correspond to experiment.

Fig. 5. The geometry of experiment devoted to measurement of spectra of the neutrons
emerging from nickel prism by the time-of-flight technique.

1. The core of IBR reactor, 2. The prism investigated. 3. Distantly removable platform.
4. The gate of evacuated neutron flight path. 5. The entrance opening of evacuated
neutron flight path 1000 metres long, 6. Platform actuator, A — prism’s in-position,

B - prism’s off-position.

Fig.6. The distribution of different reactionsin BR-1 reactor with uranium-graphite blanket.
Points present experimental values, Solid line represents the calculated results when
transport P3-approximation and spherical geometry have been used. All the data are
renormalized to the same reactor power level.

A — the core, B - uranium control rods, C — uranium ring, D ~ graphite hexagon,

E - uranium gmphité blanket,

1. U235 (n, £) x 10; 2. Pu239 (n, f); 2a. Pu239 (n, 1); 3. U238 (n, y); 4. U238 (n, y);

5. Aul97 (n, y) x 10-1; 6. Mn55 (n, y) x 10°1; 7. U238 (n, £); 8. Th232 (n, £); 9. Na23(n, y).

The effects of resonance cross-section selfshielding of the medium were not considered.

Fig.7. The distribution of different reactions in BR-1 reactor with uranium metal blanket.
Points show the experimental results. Calculation data at transport P3-approximation

in spherical geometry are presented by solid curve. All the data are renormalized to

the same reactor power level,

A — the core, B — uranium control rods, C — uranium blanket.

1. Pu239 (n, 1); 2. U235 (n, £); 3. UBB (n, y); 4. UZ3B (n, 1); 5. Aul97 (m, y); 6. Th232(n, ).

Fig.8. The construction of central region of the BR-1 reactor with thorium blanket.

1. The tags forming upper plane blanket. 2. Plutonium rods. 3. Control rods. 4. Lower
plane thorium blanket, 5, Thorium slugs.
168 -22 -

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110017-1 I




\

Approved For Release 2009/08/26 : CIA-RDP88-00904R0001001 10017-1

b

Fig.9. The di~tribution of different reactions in the BR-1 renctor with thorium blanket, Points
correspond to experiment, The data caleulated in transport 14 -upproximation in spherical
geometry are shown by solid curves, All the dutn ure renomalized to the same reactor
power level,

A — the core, B — thorium control rods, C - thorium blunket,

1. Mn55 (n, y) x 105; 2, Aul97(n, ¥ x 102; 3. Pu239 (n, £); 4, TH2 (n, y); 5. Cuﬁa(n, v
6. U233 (n, 1) x 10-3; 7. U235 (n, ) x 1074 8. Th232 @, 1); 9. UBB @, ) x 10°T;

10. P31 (n, p) x 10-7; 11, 832 (np) x 10°9; 12, 5i28 (, p) x 1010,

Fig.10. The density distribution of different reactions in the BR-) reactor with nickel blanket,
Points show the experimental data, The results of calculation caried out in transport
P3-approximation in spherical geometry by using the constants from (4] without the
cousideration of selfshiclding effects are shown by dashed-painted curve. The same
results after taking into account the resonance selfshielding effects are represented by
dashed curve, Solid curve corresponds to corrected values of constants (see the text),
All the data renormalized to the same reactor power level,

A — the core, B — control rods, C — nickel hexagon, I) — blanket consisting of nickel
slugs.

1. Pu239 (n, f); 2. Aul® (n, y); 3. Ma5 (n, y); 4. Th232 (n, 1); 5. Cu63 (a, y);

6. Na23 (n, y).

Fig.11. The spectrum of neutrons emerging from the nickel prism of various thickness. The
calculation results camied out in transport Sg-approximation in plane geometry shown
by histograms. Solid histogram corresponds to calculation taking into account resonance
selfshielding of nickel cross-section, dashed ~ without consideration of this effect.

Fig.12. Neutron spectra in the nickel blanket of BR-1 reactor at 14.4 cm (curve 1) and 29 cm (curve 2)
from centre, Points show the experimental data for threshold-detectors Th232 (n, f),
p3l (n, p) and 5i28 (n, p) and for resonance indicators [nl15 (1.4ev), Aul9? (4,%ev),
Lal39 (73.5ev), Mn55 (337ev) and Na23 (2.9kev). The histograms demonstrate the
results of calculationscarried out in transport P3-approximation in spherical geometry,
The corrected selfshielding factors are used for the cross-sections. All the data
renormalized to the same reactor power level,

Fig.13. The distribution of different reactions in BR-1 reactor with iron blanket. Points show
the experimental data. The results of calculations carried out in transport P3-approxima-
tion in sphetical geometry with no consideration of selfshielding effects are shown by

dashed curve. The same calculations taking into account the effects of cross-section
resonance selfindication are shown by solid curve. The results of two dimensiona)
calculations in P3-approximation are shown by dashed pointed curve.

A — the core, B — iron control rods, C — iron blanket.

1. Pu239 (o, £); 2. Aul97 (n, y); 3. Mn®5 (n, y); 4. Na23 (o, y% 5. Th232 (o, £) x 10;

6. Cub3 (n, Y x 102,

The neutron spectra emerging from the iron prism of various thickness. The histograms
show the results of celculations camied out in transport Sg-approximation in plane
geometry,

The neutron spectra emerging from the stainless steel prism. The histograms show

the results of calculations carried out in transport Sg-approximation in plane geometry,
Density distribution of some reactions in BR-1 reactor with copper blanket. Points cor-

respond to experimental values. The results of calculations in transport P3-approxima-
368 -23 -
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tion in apherical geometry (solid curve) and two-dimensional calculations in Py-ap-
proximation (dashed curve) are presented. Also the calculation results for Cu83 (n, y)
reaction with no consideration of selfshielding effect are shown by pointed curve,
Dashed-pointed curves calculated without tuking into uccount the cross-section
selfshielding effects,

A ~ the core, B — Gennon silver control rads, C — copper blanket,

1. Al (o, 9); 2. Pu239 (n, 1); 3. Cub3 (n, y); 4. U23B (n, 1),

The density distribution of some reactions at thorium-nicke] boundary, Points show
the experimental values, The results of transport P3-approximation in spherical
geometry are presented by solid curves,

L UZ3 (n, 0); 2. U5 (n, 0; 3. ThZ32 (n, y); 4. TH22n, y); 5. LT (a, ),

6. U233 (n, y); 7. The contribution of gold resonance at 4,9v into the sample activa-
tion, The descrepancy of U233 (n, ) and U235 (n, f) distributions could be explained by
the uncertainties in nickel constants used for the calculations,

selfshielding effects are not considered;

sellshielding effects are taken into account,

The density distribution of various reactions at uranium-berillium boundary. Points
show the experimental values. The results of calculations carried out in transport
P3-approximation in spherical geometry are shown by solid curves,

1. U235 (n, f); 2. U238 (n, y); 3. U238 (n, ); 4. Aul97 (n, y); 5. The contribution of
gold resonance at 4.9v into sample activation. The disagreement in the case of
U235 (n, f) distribution caused by impurities of berillium used.

The effects of cross-section selfshielding are not considered.

Selfshielding effects are taken into account.

The density distribution of different reactions at stainless steel — thorium boundary,
Points show the experimental data. The results of calculation in transport P3-approxima-
tion in spherical geometry are presented by solid curves.

L A9 () x 1012, 2, U233 (n, y) x 102, 3. Cu63 (n, 1) x 105, 4, U233 (n, 1),
5.UB5(n, 1), 6. ThZ2(n, y), 7. Th232 (n, 4), 8. TH232 (n, ).

The effects of cross-section selfshielding are not considered.

Selfshielding effects are taken into account.

Neutron spectra in BR-5 reactor at various distances from the centre, Solid histogram
shows the spectrum of neutron flux; dashed histogram presents the distribution of
capture events in Pu239,

368

Approved For Release 2009/08/26 : CIA-RDP88-00904R000100110017-1



